A novel model for predicting the temperature profile in gas lift wells  by Mahdiani, Mohammad Reza & Khamehchi, Ehsan
ble at ScienceDirect
Petroleum 2 (2016) 408e414Contents lists availaPetroleum
journal homepage: www.keaipubl ishing.com/en/ journals /pet lmOriginal ArticleA novel model for predicting the temperature proﬁle in gas lift
wells
Mohammad Reza Mahdiani, Ehsan Khamehchi*
Faculty of Petroleum Engineering, Amirkabir University of Technology (Tehran Polytechnic), Hafez Avenue, Tehran, Irana r t i c l e i n f o
Article history:
Received 15 March 2016
Accepted 23 August 2016
Keywords:
Temperature proﬁle
Gas lift
Heat balance
Modeling* Corresponding author.
E-mail address: khamehchi@aut.ac.ir (E. Khamehc
Peer review under responsibility of Southwest Pe
Production and Hosting by Elsev
http://dx.doi.org/10.1016/j.petlm.2016.08.005
2405-6561/Copyright © 2016, Southwest Petroleum U
access article under the CC BY-NC-ND license (http://a b s t r a c t
One of the most common methods for calculating the production oil rate in a gas lift well is nodal
analysis. This manner is an accurate one, but unfortunately it is very time consuming and slow. In
some modern studies in petroleum engineering such as close loop control of the wells this slow-
ness makes it impossible to have an online optimization. In fact, before the end of the optimization
the input parameters have changed. Thus having a faster model is necessary specially in some of
the new studies. One of the sources of slowness of the nodal analysis is the temperature proﬁle
estimation of the wells. There are two general approaches for temperature proﬁle estimation, some
like heat balance are accurate but slow. Others, similar to linear proﬁle assumption are fast but
inaccurate and usually are not used commonly. Here, as a new approach, a combination model of
heat balance and linear temperature proﬁle estimation has represented which makes the nodal
analysis three times faster and it is as accurate as heat balance calculations. To create this, two
points (gas injection point and end of tubing) are selected, then using heat balance equations the
temperature of those two points are calculated. In normal nodal analysis the temperature of each
wanted point in the well is estimated by heat balance and it is the source of slowness but here just
two points are calculated using those complex equations. It seems that between these points
assuming a linear temperature proﬁle is reasonable because the parameters of the well and pro-
duction such as physical tubing, and casing shape and properties and gas oil ratio are constants. But
of course, it still has some deviation from the complete method of heat balance which using
regression and assigning a coefﬁcient to the model even this much of the deviation could be
overcame. Finally, the model was tested in various wells and it was compared with the normal
nodal analysis with complete heat balance models. Results showed that the new model is as ac-
curate as normal heat balance but three times faster.
Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As reservoir pressure declines, oil rate production decreases
and there is a need to use artiﬁcial lift methods to increase the oil
rate production. One of the artiﬁcial lift methods is gas lift. In thishi).
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bmethod, gas is injected in a point in the tubing, it solves in oil and
decreases the average density of the oil column and thus in-
creases oil rate production [1].
In this operation, for estimating the performance of the gas
lift, there is a need to calculate the production oil rate before
injecting the gas. For this purpose, the nodal analysis method is
used. In this method, well length is divided to sections with a
length of about 100 or 150 ft. Then a ﬂow rate is assumed and
with respect to that, the ﬂuid properties are calculated in average
pressure and the temperature of the section and are assumed to
be ﬁxed in the whole section. Afterwards, the pressure loss in
each section is calculated (these calculations are iterative ones,
because pressure loss depends on average ﬂuid properties and
ﬂuid properties depend on average pressure and temperatureing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
Fig. 1. Considered points in the new model of this paper (described points in wide
arrows).
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section is known, this pressure is the pressure of the top node of
the next section. These calculations are repeated for the next
section once more. Continuing this and starting from the well-
head as a known node, and proceeding to calculating the pres-
sure loss of each section, well bottom pressure is calculated. This
operation is repeated for different oil rates and then production
oil rate vs bottom hole pressure is plotted in the same graph with
inﬂow performance. Their common point gives the bottom hole
pressure and its corresponding oil rate. The bottom hole pressure
and its corresponding oil rate of the well are found. It is clear that
the ﬁxed wellhead pressure and reservoir and well properties
lead to a unique solution for the problem [2]. In addition to nodal
analysis some other modeling such as genetic programming [3]
and simulated annealing modeling [4,5] can be used to predict
the temperature proﬁle. But in this paper they are not discussed.
Calculating thewell temperature proﬁle in nodal analysis is of
great signiﬁcance and usually one of the sources of the slowness
of the nodal analysis. Since the nodal analysis is a repetitious
method, it is necessary that the calculation of the temperature
proﬁle be repeated over and over. As a result, it has a great effect
on the speed of the nodal analysis. Thus, if we can increase the
speed of the temperature proﬁle estimation, we have to speed up
the entire nodal analysis.
Different researchers have studied the methods of temper-
ature estimation in each section of the wells. In 1959, Kirkpa-
trick [6] suggested a linear temperature proﬁle between
wellhead and reservoir, a fast but inaccurate method. In 1962,
Ramey [7] assumed a zero well diameter and based on that
introduced an equation that did not work for the deep well,
high production rates and new completed wells [2e4,7e10]. In
1991, Sagar [8] extended the Ramey method and in 1992 Alves
[11] introduced a method for surface pipes. Also in 1992, Far-
shad [11] used a neural network for building a model. It is clear
that Farshad's method is based on a limited amount of experi-
mental data and cannot simply be generalized. In 1996, Hasan-
Kabir [12] represented a mechanistic model to predict the
temperature proﬁle in a gas lifted well. Their model is one of the
rare models that is designed speciﬁcally for gas lift wells, with
good estimation but having the problem of slowness. In 2005,
CazarezeCandia [13] represented a time-dependent homoge-
neous mathematical model to predict the temperature distri-
bution in oil wells. In his model, he considered a two phase ﬂow
for the well. In 2009, EspinosaeParedesa [14] used a strategy,
based on proportional-integral (PI) feedback control to estimate
the temperature proﬁle. In 2011, Lindegerg [15] studied the
temperature proﬁle in a CO2 injection well, taking into account
the phase changes, adiabatic heating and thermal exchange
with the surrounding rock. In addition, in this year Hamedi [16]
introduced a numerical method for estimating temperature
proﬁle in the gas lift wells. In 2012, Kabir [17] studied the heat
transfer coefﬁcient, and the joule Thomson effect in a steady
ﬂow and unsteady temperature proﬁle. In 2013, Duan [18]
predicted the temperature proﬁle in a waxy oil-gas pipe ﬂow
and he considered the different parameters and used the heat
balance in his model. In 2014, Cheng [19] represented a model
for distribution of thermal properties and oil saturations in
steam injection wells. He involved the temperature logs in his
studies.
As mentioned earlier, all the above models are good in natural
ﬂow but not in gas lift operation except Hasan Kabir which is good
for gas lift wells but is very slow. The Hasan-Kabir model is based
on heat balance. This model has been created based on ﬂuid,
tubing, annulus and ground heat balance and heat transfer and for
all of them a heat transfer coefﬁcient is proposed. As previouslymentioned, this model is an accurate one, but it is very slow and
time consuming especially in optimization problems in which
there is a need to run the model many times. Takacs [20] suggest
the Heat balance model for the gas lift temperature proﬁle
modeling as the best method. However, due to this model's slow-
ness, some softwares (such as vfpi in Eclipse) use a linear tem-
perature proﬁle which is much faster but clearly not as accurate.
Now it is clear that if we modify the temperature proﬁle
estimation of the nodal analysis in a way that is as fast as the
linear method and as accurate as the Heat balance model, it is of
great help. Here the method of Heat balance model and the
linear method are combined in away that causes a newmodel as
fast as the linear one and as accurate as the Heat balance model.
Then it has been tested to show its performance.2. New temperature proﬁle modeling
As previously mentioned, one of the models in temperature
proﬁle modeling is the linear proﬁle method. This method was
not good for gas lift because the heat transfer coefﬁcient above
the injection point (with annulus ﬁlled with a gas) and below
that (with annulus ﬁlled with a liquid) is different. The diameter
of the oil production tube at the end of tubing also changes. Thus,
the well has three different parts, from well head to injection
point, from injection point to end of tubing and from the end of
tubing to the well bottom. These parts are different in the inner
diameter and the gas oil ratio and also heat transfer coefﬁcient,
but in each section the inner diameter is constant and ﬂuid
properties change continuously without any sudden change.
Thus a linear temperature proﬁle can be assumed between them.
It is usual to use a linear temperature gradient assumption in
homogenous cases such as the temperature proﬁle in earth
layers without any well, or even the temperature proﬁle in awell
with natural ﬂow [21e23]. Thus it seems that in our case
assuming a linear proﬁle between the proposed points is
reasonable. Afterward using statistical analysis, the reasonability
of this assumptionwill be discussed and if needed themodel will
be improved by some other parameters or assumptions.
Table 1
Black oil correlations used in production modeling.
Properties Correlations
Critical temperature and pressure Standing
Dead oil viscosity Beal
Gas compressibility factor Papay
Gas viscosity Lee
Inﬂow Performance Vogel
live oil viscosity CheweConnaly
Multiphase ﬂow Modiﬁed HagedorneBrown
Solution gas oil Ratio Laster
Stability Criteria Asheim
Surface Tension Swerdloff
Table 2
Range of the parameter of each well.
Maximum Minimum
Oil gravity (API) 34.14 23.61
Productivity Index (STB/day/psi) 2.75 1.64
Reservoir pressure (psi) 4296.00 2923.89
Water cut (%) 14.95 1.39
Tubing Internal diameter (in) 4.87 2.75
Well depth (ft) 10,884.70 8365.92
Well head pressure (psi) 543.81 207.16
Injection depth (ft) 8491.72 3913.12
Injection gas gravity 0.92 0.68
Casing inner diameter (in) 9.85 4.37
Tubing outer diameter (in) 5.33 2.99
Interfacial tension (dyne/cm) 64.22 50.28
Produced water speciﬁc gravity 1.12 1.00
Well head temperature (

F) 179.68 113.84
Gas gravity 0.95 0.67
Gas liquid ratio (SCF/STB) 640.34 411.97
Oil viscosity (cp) 3.54 1.97
Reservoir temperature (

F) 314.75 202.89
Bubble point pressure (psi) 648.18 432.65
Tubing depth (ft) 9319.89 6342.96
Oriﬁce size (1/64 in) 58 20
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assumed: well head, lift gas injection point, end of tubing and the
bottom hole. These points can be seen in Fig. 1. Now, using the
heat balance method, the temperature at each point will be
calculated. And as the ﬂuid and well properties between these
points are continuous, a linear temperature proﬁle will have
been assumed between these nodes. In fact, the temperature
proﬁle of the well has been divided into 3 broken lines, thus here
we call this model the three broken line model.3. The nodal analysis model
For testing the new model there is a need to make a nodal
analysis model for calculating the production oil rate in a gas lift
well for two times. One time normal nodal analysis and using
heat balance, as the most accurate knownmethod for estimating
temperature and again in the new introduced one.
The normal method of nodal analysis was explained earlier in
the introduction section.
In this method, there is a need for correlations for PVT
properties, and the used correlation of this study is listed in
Table 1. As well as for the two phase ﬂow, the Ansari [24] cor-
relation and for estimating the temperature of each section, the
heat balancemodel using the Hasan-Kabir [9] correlation is used.
For applying the effect of lift gas, the lift gas is added to the gas
phase of the ﬂuid above the injection point and the new gas oil
ratio is calculated using the following equation.
GLRt ¼
Qgas;inj
QL
þ Qgas
QL
¼ GLRinj þ GLRres (1)
It should be mentioned that the lift gas is gained from the
same reservoir and thus its properties are the same as the so-
lution gas of the reservoir ﬂuid. The used correlations in thisFig. 2. Cross plot of production oil rate of the threestudy are the most accurate ones based on different
literature [25e30].
In addition to the above equations and models, a reservoir
model is needed to estimate the inﬂow performance. Usually, the
lift gas wells are in saturated reservoirs, so here the Vogel [31]
model is used, which is designed especially for this kind of
reservoir.
The above method was the normal model for nodal
analysis in gas lift wells. Now, we change that based on our
new temperature estimation models. To create a model in a
new way, we ﬁrst divide the well into three sections, from
well to gas lift injection point, from gas lift injection point to
end of tubing and ﬁnally from the end of tubing to bottom
hole. Now an oil rate will be assumed and using the Heat
balance model, modeling the temperature at the end of each
section would be calculated. Afterwards, using the normal
method, the calculation would be continued (dividing the
well to sections and so on) except that the temperature in
each section is not calculated any more. It is gained by a
linear interpolation of the closest known points (previously
calculated by Heat balance model). As the Heat balance
model method is very time consuming, it seems that the
new method that has decreased the temperature calculation
by the Heat balance model is much faster. Now the new
model will be tested in a case study.broken line model and normal nodal analysis.
Fig. 3. Flowchart of the new model.
Fig. 5. Error comparison of different models of temperature proﬁle estimation in
nodal analysis.
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As mentioned earlier the purpose of this paper is to modify
the normal nodal analysis in away that it becomes faster. For that
the production oil rate of the nodal analysis with the tempera-
ture proﬁle estimation with three broken line method will be
compared with the original nodal analysis production. For that
200 wells of Iranian oil ﬁelds have been assumed, and the range
of their parameters can be seen in Table 2. These wells are from
Ahwaz ﬁeld, which normally had natural ﬂow, but as production
continued, their pressure declined and gas lift was used to in-
crease their oil production to an economic range. Ahwaz ﬁeld is a
sandstone, and thus all wells are cased hole and completed with
packer and facilities to prevent sand production.
Now using both previously mentioned models the oil rate
could be calculated. First for testing the accuracy of the newFig. 4. Cross plot of production oil rate of thismodel, the calculated oil rates will be cross plotted. This cross
plot can be seen in Fig. 2. As it is shown, the model has some
errors (of course a little). Thus the new model is not completed
yet and there is need to another modiﬁcation if possible. It
seems that all the points have some ﬁxed errors, so ﬁnding a
good coefﬁcient for the new model is seems helpful. In fact, for
creating the new model there is need to this coefﬁcient. Now a
coefﬁcient using statistical calculation based on the minimum
square error method has been found to increase the accuracy.
The coefﬁcient is 0.9963 which shows that the accuracy of the
three broken line method is good. After assigning this coefﬁ-
cient, the model accuracy would improve greatly. Now the
model is complete.
Fig. 3 shows a ﬂowchart for the new method. As a brief
explanation of the newmodel of this paper, to increase the speed
of the nodal analysis the temperature proﬁle estimation model is
improved. For that, First the temperature of the injection point
and the end of the tubing is calculated by heat balance equation
(see Appendix). It has supposed that the temperature of the
wellhead and the bottom hole are known and if unknown the
wellhead temperature can be measured by a normal thermom-
eter and the temperature of the bottom hole can be calculated by
heat balance equations too. Then a linear temperature proﬁle is
assumed between the adjacent points and using the gained
temperature proﬁle and the nodal analysis the oil rate calculated.
As explained earlier the calculated oil rate should be multiplied
by 0.9963 which this number has calculated by some statistical
analysis.
In the next section, the accuracy of the newmethod would be
compared with the most common previously introduced ones.paper's model and normal nodal analysis.
Fig. 6. Error distribution of this paper's model.
Fig. 7. Run time of the oil production estimation model using the new model and
Hasan-Kabir (heat balance) for temperature proﬁle.
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The purpose of this paper is to modify the nodal analysis in a
way that has the same accuracy and the calculation is speeding.
After themodel has been created (in the previous section), now it
is the time to test it.
For validating the model, 50 wells of Iranian oil ﬁelds that
have not been used in building the model are proposed and their
oil rate production is calculated, once using the previously
introduced nodal analysis (calculating temperature proﬁle in all
sections by the heat balance model) and again by the modiﬁed
nodal analysis. The cross plot of these two calculated rates are
shown in Fig. 4. As can be seen in this ﬁgure, the points have
ﬁtted well, and this ﬁgure shows that the new model estimation
is completely in agreement with the normal method, but has a
better sense of accuracy of the new method. It has to be
compared with other common methods such as the linear one.
Fig. 5 shows a comparison of the accuracy of different models
(linear, three broken line and newmodel). In this ﬁgure, the heat
balance model has been assumed to be exact. In fact, the purpose
of this study was not to improve the accuracy of the heat balance
model, but rather to decrease its run time. This ﬁgure shows that
the new model has not decreased the accuracy of the heat bal-
ance model. In addition, this ﬁgure shows that the linear method
is not very accurate and the three broken lines (which were
introduced earlier) are much more accurate than the linear
method, and the modiﬁcation that was made on that, made it
much better (the new model).Now that the new model is compared with other common
models, it is time to analyze the error of that itself. The error
distribution of the new model is shown in Fig. 6. Based on this
ﬁgure, the mean error is 0.005% and the maximum error in oil
rate production is 0.02 which is obviously insigniﬁcant. This
ﬁgure again conﬁrms that the new model is accurate.
The purpose of this study was to create a model that has the
accuracy of the Heat balance model and its runtime is as low as
the run time of the linear method. Testing the new model
accuracy showed that the model accuracy is satisfying. Now it
is time to compare its run time with the original heat balance
model to showwhether its runtime has decreased or not. Fig. 7
shows the run time of the Heat balance model, linear and new
model. In this ﬁgure, the horizontal axis shows each studied
case, and in the vertical axis its run time with different models
is compared. The run time of the new model is much less than
the heat balance model. Its speed is about 3 times faster than
the heat balance model. Comparing the speed of the new
model with the linear method shows that these values are
very close. Thus we succeed to create a model that is as ac-
curate as the Heat balance model and as fast as the linear
model.
6. Conclusions
(1) The new model of this paper speeds up the nodal analysis
by replacing the heat balance model for estimating the
temperature proﬁle in the well with the new simple
temperature proﬁle model. The modiﬁed nodal analysis
method is as accurate as the heat balance method but its
speed is about three times faster.
(2) This model's speed can be a great help, especially in
optimization problems that needs to calculate the ﬁtness
function over and over.
(3) This new model is not complex and it can be understood
easily. In order to repeat the study, there is a need for basic
mathematics and physics of the heat balance model.
Nomenclature
ce earth heat capacity, Btu/lbm-F
cﬂt heat capacity of tubing ﬂuid, Btu/lbm-F
cga heat capacity of annular gas, Btu/lbm-F
CJ Joule Thomson coefﬁcient. F/psi
H enthalpy, Btu/lbm
ke conductivity of earth, Btu/hr-ft-F
Lj injection depth, ft
qa convective heat ﬂow in annulus, Btu/hr
qf heat ﬂow from formation to annulus, Btu/hr
qta heat ﬂow from annular to tubing, Btu/hr
rc, rw wellbore radius, ft
tD dimensionless injection time
Ta temperature of annulus, F
Tai surface temperature of annulus ﬂow, F
TD dimensionless temperature
Tei initial temperature earth, F
Tes surface temperature of earth
Tt temperature of tubing ﬂuid, F
Twb temperature of wellbore/formation, F
U overall heat transfer coefﬁcient, Btu/hr-ft2-F
w mass ﬂow rate, lbm/hr
x gas mass fraction in tubing
z vertical depth, ft
Z gas deviation factor
a heat diffusivity of earth
M.R. Mahdiani, E. Khamehchi / Petroleum 2 (2016) 408e414 413re formation density/lbm/ft
3Subscript
a annulus
bh bottom hole
c casing
t tubingSI conversion
sm3 STB  1.589783e-1
Pa psi  6.871e4
m In  2.5e-2
m ft  2.871e-2
m3 scf  2.366e-5
Pa.s cp  1e3
sm3/s/pa STB/day/psi  2.66e-10Appendix. Heat balance model
In this paper, the heat balance model is proposed as an ac-
curate model, and Hasan-Kabir [12] used heat balance equations
to model the temperature proﬁle. Here, the Hasan-Kabir model
would be represented as an example of heat balance model.
In these equations, TD is the dimension temperature and the
tD is dimensionless time and both are deﬁned as below. Here the
temperature unit is Fahrenheit.
TD ¼ 
2pKe
qae
ðTwb  TeiÞ (1a)
tD ¼
Ket
reCer2a
(2a)
By heat balance of ground near the well we have:
TD ¼

0:4063þ 1
2
lnðTDÞ

1þ 0:6
tD

tD >1:5
TD ¼ 1:1218
ﬃﬃﬃﬃﬃ
tD
p 
1 0:3
ﬃﬃﬃﬃﬃ
tD
p 
tD <1:5
In which its continuous form is as below:
TD ¼ ln

e0:2 tD þ

1:5 0:3719 etD
 ﬃﬃﬃﬃﬃ
tD
p i
(3a)
qae ¼ waCpaA ðTa  TeiÞ (4a)
A ¼ Cpawa
2p

Ke þ ðraU2TDÞ
raU2Ke

(5a)
From energy balancing of the ﬂuid inside the annulus we
have:
B ¼ waCpa
2prtU1
(6a)
Cpa ¼ dTadz ¼
Cpa
A
ðTei  TaÞ þ
Cpa
B
ðTt  TaÞ (7a)
CJ is calculated from Alvez [11] equation:CJ ¼
1
Cpi
"
x
rg

 T
z

vz
vT

P

þ 1 x
rL
#
(8a)
Hasan-Kabir ignored the second term as it was supposed that
the mass ratio of gas is small. They also supposed that CJ ¼ 1CPtrt .
They also ignored the second and third terms and represented
the equations below.
B0 ¼ wtCpt
2prtU1
(9a)
Tei ¼ Tes þ ggz (10a)
B
00 ¼ B0 þ B
0
B
A A (11a)
ttp ¼ ggzþ Tes þ B00gg (12a)
l1 ¼ 
B
00
2AB0
þ B
0
2AB0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 4AB
0
B002
r
(13a)
l2 ¼ 
B
00
2AB0
 B
0
2AB0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 4AB
0
B002
r
(14a)
For a temperature proﬁle at tubing we have:
Tt ¼ ael1z þ bel2z þ ggzþ B00gg þ Tes (15a)
And for a temperature proﬁle at annulus we have:
Ta ¼ Tt  B0dTtdz
¼ ð1 l1B0Þael1z þ ð1 l2B0Þbel2z þ gg

B
00  B0

þ ggz
þ Tes
(16a)
By considering the two boundary conditions at wellhead and
at the end of tubing we have:
a ¼ Ttbh  Tes  b e
l2L  ggL B00gg
el1L
(17a)
b ¼

ðTas  TesÞel1L þ ð1 l1B0Þ

ggLþ B00gg þ Tes  Ttbh

el1Lð1 l2B0Þ  el2Lð1 l1B0Þ
 gge
l1L
	
B
00  B0

el1Lð1 l2B0Þ  el2Lð1 l1B0Þ
(18a)
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